Turner, TS, Tobin, DP, and Delahunt, E. Optimal loading range for the development of peak power output in the hexagonal barbell jump squat. J Strength Cond Res 29(6): 1627-1632, 2015-Recent studies indicate that the utilization of the hexagonal barbell jump squat (HBJS) compared with the traditional barbell jump squat may offer a superior method of developing peak power. The notion that a single optimal load may be prescribed in training programs aiming to develop peak power is subject to debate. The purpose of this study was to identify the optimal load corresponding with peak power output during the HBJS in professional rugby union players. Seventeen professional rugby union players participated in this study. Participants performed 3 unloaded countermovement jumps on a force plate and 3 HBJS at each of the following randomized loads: 10, 20, 30, and 40% of box squat 1 repetition maximum (1RM). Peak power output was the dependent variable of interest. A one-way repeated measures analysis of variance was conducted to compare peak power output across each load. Peak power output was the dependent variable of interest. A significant main effect for load was observed (Wilk's Lambda = 0.11, F (4,13) = 18.07, p , 0.01, partial h 2 = 0.88). Results of the Bonferroni-adjusted pairwise comparisons indicated that peak power output in the HBJS is optimized at a load range between 10 and 20% of box squat 1RM. The results of this study indicate that the use of the HBJS with a training load between 10 and 20% of box squat 1RM optimizes peak power output in professional rugby union players.
INTRODUCTION
T he relationship between muscular power and expressions of dynamic athletic performance in sport has been well documented (3, 4, 12, 14, 16) . Consequently, methods and strategies aimed at improving lower body muscular power are an important consideration for the strength and conditioning practitioner. The jump squat (JS) is a common exercise for training lower body power (3, 19) . Cormie et al. (8) have recommended the JS as the optimal lower body exercise for maximizing peak power output in an elite athletic population. However, there is considerable ambiguity in the literature concerning the most appropriate methodology (6, 7, 11) , loading strategy (3) (4) (5) 9, 10, 14, 24) , and optimal variation of the JS exercise (19, 22) relative to the generation of peak power output.
The inclusion or exclusion of body mass (BM) in the calculation of power output during the JS is a pertinent issue (6, 11) . It is now widely acknowledged that BM needs to be included as part of the system load (BM and external load) as it represents a significant portion of the overall load that has to be accelerated (4, (6) (7) (8) 11) . The exclusion of BM in the calculation of power output during the JS leads to a misrepresentation of power output in the load-power relationship (6, 7, 11) . There has also been some debate as to whether mean or peak power should be reported in research studies. Because of the moderate to strong correlation reported in the literature between peak power output and athletic performance (17, 20) , it is logical to report this parameter (11) . The majority of recent studies have reported peak power including BM in their calculations. Consequently, much of this research has reported 0% of 1 repetition maximum (1RM) or in other words BM alone, as the optimal load for peak power output in the JS (1, 4, (6) (7) (8) 10) .
The notion that a single optimal load may be used in training programs aiming to develop peak power has been subject to considerable debate (5) . Some researchers have reported an optimal load for the generation of peak power despite a lack of statistically significant differences between a range of load intensities (8, 10) . For example, Dayne et al. (10) reported 0% of 1RM squat strength (BM) as the optimal load in the JS, despite the fact that there was no statistically significant difference between peak power output at 0 and 20% of 1RM. However, the peak power output recorded at both 0 and 20% of 1RM were significantly higher than those recorded at 40, 60, and 80% of 1RM. Therefore, based on the statistical analysis in this study, a range of 0-20% of 1RM is the optimal load "range" with the prescription of a single optimal load deemed inappropriate. Furthermore, the case for a single optimal load is further compounded by individual variation in the load that maximizes acute peak power (14) , particularly in elite athletes (9, 24) . As such, generic recommendations regarding a single optimal load for the development of peak power are likely ill-advised.
It is widely recognized that the optimal load for peak power output is dependent on the nature of the exercise (8, 13, 14) . Previous studies investigating peak power output in the JS exercise have traditionally reported the use of a barbell in the methodology (1, 4, (6) (7) (8) 10, 24) . However, more recently Swinton et al. (22) reported that the hexagonal barbell jump squat (HBJS) produced significantly greater power output at 20% of 1RM in comparison with the traditional barbell jump squat (BBJS) variation. The authors concluded that there was a load position effect on peak power values, and that the hexagonal barbell variation may be safer and more effective than the use of a traditional barbell. The HBJS may offer a biomechanical advantage over the BBJS, allowing for improved kinematics and kinetics (21, 22, 25) . Despite reporting that 20% of 1RM was the single optimal load for peak power output, Swinton et al. (22) only reported loads of 0, 20, 40, and 60% of 1RM. It is therefore conceivable that the optimal range of loads could span above and below the 20% value (e.g., 10-30% 1RM), which requires further investigation.
Despite a plethora of research, there is still considerable debate concerning the most appropriate loading range to develop peak power. Much of the research has focused on the traditional BBJS variation. However, recent evidence of the superiority of the HBJS in the generation of peak power output (22) and its increasing popularity in the strength and conditioning community make investigating the optimal load range in this exercise a matter of significant importance. Therefore, the aim of this study was to determine the load range that elicits the greatest HBJS peak power in elite rugby union players through the analysis of HBJS with loads at 0, 10, 20, 30, and 40% of 1RM. It was hypothesized that peak power at 10, 20, and 30% of 1RM, although not significantly different from each other, would be significantly greater than 0 and 40% of 1RM. A secondary hypothesis was that the load at which peak power occurs would have large intersubject variability.
METHODS

Experimental Approach to the Problem
This study used a within-subject repeated measures design. Participants performed a series of randomized maximal effort jumps across a range of prescribed loads to determine the load range at which peak power was optimized. Loaded jumps were performed with the hexagonal barbell with external loads equivalent to 10% (HBJS 10%), 20% (HBJS 20%), 30% (HBJS 30%), and 40% (HBJS 40%) of predetermined box squat 1RM. The 0% of 1RM (BM) condition was performed in the same manner as a countermovement jump, which closely resembles the HBJS variation (with hands positioned on the hips rather than on the bar). Jumps were executed in a randomized and balanced order to rule out an order effect. All testing was performed on a portable force plate (HUR Labs, Tampere, Finland). The BM of each participant was included in all subsequent calculations. Peak power was the independent variable used in the analysis. The SEM was applied to the peak power values of each individual across the load range to determine meaningful differences between conditions.
Subjects
Seventeen elite male rugby union players from a range of different playing positions volunteered to participate in the study (Table 1) . Participants were contracted to a professional rugby union club playing in the Pro12 competition. However, none of the participants had yet represented their country at test rugby union level at the time of testing. Participants were recruited on the basis that they were free from any injury or any training restrictions, as verified by the club physiotherapist and had a minimum of 2 years of structured training experience under the supervision of a club strength and conditioning coach. All participants regularly performed maximal effort unloaded and loaded jumps as part of their training and were familiar with and technically proficient in the HBJS variation. Testing was performed during the inseason period, where typical weekly training volume included 3 resistance training sessions, 3 team practice sessions, and a competitive game at the end of the week. However, participants were tested after a deload period of 3 days to allow for peak performance in all tests. This study was approved by the University College Dublin Human Research Ethics Committee. Written informed consent was obtained from all participants before testing. Optimal Loading: Hexagonal Barbell Jump Squat
Procedures
Testing took place on 2 days, separated by 72 hours to allow for full recovery. On day 1, maximal lower body strength was assessed, whereas lower body power was assessed on day 2. Participants were asked to maintain and replicate their normal food and fluid intake before both testing dates and to refrain from alcohol consumption for at least 24 hours and caffeine for at least 3 hours. Before testing, participants performed their normal daily battery of physical monitoring assessments, which included bodyweight measurement, a sit and reach test, groin adductor squeeze test, and hip internal rotation measures. Any participants who fell outside their established norms in these assessments were removed from testing. All testing took place between 9 AM and 11 AM to control for any diurnal variation and to reflect their normal training time.
Strength Assessments. Maximal strength was assessed using the box squat exercise using methods previously outlined (1). Participants completed a supervised and standardized dynamic warm-up protocol, which consisted of leg swings (10 reps), bodyweight squats (10 reps), bodyweight alternate leg lunges (10 reps each leg), and bodyweight single leg stiff leg deadlifts (10 reps each leg). Participants then completed 4-5 submaximal sets of 3-5 repetitions in the box squat, gradually building towards an estimated 1RM load. They then performed 1 repetition at the estimated load and if successful, the load was increased in 5 kg increments until the maximum lift was achieved. Three minutes of rest was allocated between each set. Using a standard 20-kg Olympic barbell and weight plates (Werk San, Ankara, Turkey), participants lowered themselves under control to a sitting position on a box and then returned to the standing position. The height of the box was adjusted so that the top of each individual's thighs were parallel to the floor when in the seated position. Each repetition was visually monitored and supervised by a strength and conditioning coach.
Power Assessments. Participants completed the supervised and standardized dynamic warm-up protocol as previously described. All jump conditions (0, 10, 20, 30, and 40% of predetermined box squat 1RM) were performed in a randomized order with participants instructed to jump with maximal effort on each trial. The unloaded condition was conducted as a countermovement jump with a protocol similar to those used in previously published research (15, 23) . Participants, began with hands on hips to eliminate any upper body involvement and to closely replicate the positioning of the arms in the HBJS, were instructed to squat and immediately jump as high as possible. Loaded jumps with a 15-kg hexagonal barbell (Watson Gym Equipment, Somerset, United Kingdom) were performed as described by Swinton et al. (22) . Participants, began with the hexagonal barbell at arm's length, were instructed to squat and immediately jump as high as possible. Participants descended to a half squat position for all conditions (approximately 608 of hip flexion, knee joint angle was not controlled for), which was visually monitored by the same researcher. Participants were required to repeat the trial if they did not achieve the required depth, as per the protocol detailed in Swinton et al. (22) or in the event of the bar accidently touching the floor. Subjects performed 3 trials to ensure intratrial reliability with a 60-second rest between each trial and a 3-minute rest period between sets to allow for full recovery. . The level of statistical significance was set at p # 0.05. When a significant main effect was observed for condition, a Bonferroni-adjusted pairwise comparison was undertaken. For each load, we established the SEM and hence used this as a "threshold" to determine whether each individual participant's peak power output at each load differed substantially from the 4 other loads. Consequently, it was possible to ascertain whether peak power output for each individual participant occurred at a single load or across multiple loads considering the aforementioned SEM results.
Results of the Bonferroni-adjusted pairwise comparisons indicated that peak power output for the 0% condition differed significantly from the HBJS 10% (mean difference = The HBJS 20% condition was significantly different from the 0% condition (mean difference = 655.94 W; 95% CI = 440.30 to 871.59; p , 0.01), the HBJS 30% condition (mean difference = 179.00 W; 95% CI = 15.57 to 342.42; p # 0.05), and the HBJS 40% condition (mean difference = 332.61 W; 95% CI = 76.14 to 589.08; p # 0.05). The HBJS 20% condition did not differ significantly from the HBJS 10% condition (p . 0.05).
The HBJS 30% condition was significantly different from the 0% condition (mean difference = 476.94 W; 95% CI = 243.42 to 710.47; p , 0.01) and the HBJS 20% condition (mean difference = 2179.00 W; 95% CI = 2342.42 to 215.57; p # 0.05) but not significantly different from the HBJS 10% and HBJS 40% conditions (p . 0.05).
The HBJS 40% condition was significantly different from the 0% condition (mean difference = 323.33 W; 95% CI = 38.39 to 608.27; p # 0.05), the HBJS 10% condition (mean difference = 2307.65 W; 95% CI = 2582.36 to 232.94; p # 0.05), and the HBJS 20% condition (mean difference = 2332.61 W; 95% CI = 2589.08 to 276.14; p , 0.01). The HBJS 40% condition was not significantly different from the HBJS 30% condition (p . 0.05).
For each participant, variability between loading conditions was accounted for by determining the SEM of each load. This allowed for the determination of whether meaningful differences between the various loading conditions existed. Therefore, it was possible for participants to have more than 1 optimal load. Of the 17 participants included in this study, 15 produced optimal power values with more than 1 load. The 0% condition was not optimal for any of the 17 participants, the HBJS 10% condition was optimal for 14 of the participants, the HBJS 20% condition was optimal for 14 of the participants, the HBJS 30% condition was optimal for 9 of the participants, while the HBJS 40% condition was optimal for 4 of the participants.
DISCUSSION
The results of this study demonstrate that at a group level, peak power in the HBJS is optimized at a range of loads between 10 and 20% of 1RM in elite rugby union players. There was no significant difference in peak power between 10 and 20% of 1RM, but both conditions produced higher peak power outputs than 0, 30, and 40% of 1RM. As such, the primary hypothesis of the study was partially confirmed, and there exists an optimal load range between 10 and 20% of 1RM for the generation of peak power in the HBJS. These findings expand on the previous research of Swinton et al. (22) who recommended 20% of 1RM as the optimal load in this exercise, despite the fact that they did not investigate outputs at 10 and 30% of 1RM. Contrary to the original hypothesis, 30% of 1RM produced significantly lower peak power values than 20% of 1RM and hence is not be recommended in the load range for the generation of peak power. The secondary hypothesis of the study was also confirmed, with the load that maximizes peak power being highly individual. Peak power was optimized at a range of loads for the majority of participants.
The strength and power levels of the participants in this study compare favorably with those reported elsewhere in the literature. The box squat performance reported here is similar (2) or superior (1) to that reported in other investigations involving professional rugby union players. The peak power performance of the participants in this study is also superior to that reported elsewhere in 47 professional rugby union players (4) . However, the study of Bevan et al. (4) involved the BBJS variation. When using the HBJS variation, Swinton et al. (22) reported peak power values below those of this study. Therefore, the population in this study is accurately described as elite within the context of similar studies involving rugby union players. In this study, 0% of 1RM produced significantly lower power values than all loaded conditions. This is in stark contrast to recent research, which has consistently reported that the 0% of 1RM squat (BM only) jumping condition produces higher peak power values in comparison with a range of BBJS loads (1,4,6-8,10 ). These findings support those of Swinton et al. (22) and suggests that when loaded jumps are completed with a hexagonal barbell (i.e., HBJS), peak power output is higher than the unloaded condition. They also reported that the HBJS condition produced superior power outputs to the BBJS condition with the same load. It is therefore clear that the load positioning during the HBJS offers a distinct advantage over the BBJS when attempting to optimize peak power. Swinton et al. (22) speculated that the change in load position may enable athletes to closely resemble their unloaded jump technique in the HBJS condition compared with the BBJS. In other words, the BBJS method may require a greater deviation from the natural kinematics and joint contributions of unloaded jumping, therefore resulting in compromised kinetic values. Argus et al. (1) report that with the addition of an increasing external load in the BBJS variation, depth in the countermovement portion of the jump was reduced, which may result in compromised power outputs with the addition of load. In this study, where countermovement depth was visually monitored, the addition of load actually improved power output in comparison with the 0% of 1RM load, possibly due to the more favorable load positioning. Swinton et al. (22) also suggest that the altered load positioning of the HBJS may be safer and more comfortable in comparison with the BBJS with comparable loads, with the chances of injury to the cervical spine reduced. Therefore, from the point of view of the practitioner, when selecting speedstrength strategies for the development of peak power with light loads, the HBJS could be considered as a viable exercise selection.
The findings of this study suggest that the load range from 10 to 20% of 1RM in the HBJS produce significantly higher peak power values than either the 0 or 40% of 1RM condition. It is worth noting that peak power may be optimized at a wider load range as intensities between 1 and 9% of 1RM and 21-29% of 1RM were not tested. Swinton et al. (22) reported 20% 1RM to be the optimal load in the HBJS but failed to examine power outputs at 10 and 30% 1RM. Therefore, this study expands on the findings of Swinton et al. (22) and suggests that power output at 10 or 20% of 1RM are not statistically different. However, an unexpected finding was the significant difference between peak power at 20 and 30% of 1RM. Despite there being no significant difference between 10 and 30% of 1RM, it is statistically accurate to exclude 30% of 1RM from the optimal load range. Some researchers have made recommendations of a single optimal load in the generation of peak power (4, 8) despite in some cases, statistically insignificant findings being observed over a range of loads. For example, Cormie et al. (8) recommended BM as the optimal JS load despite the fact that it did not differ significantly from all other intensities reported. Similarly, Dayne et al. (10) suggested that 0% of 1RM (BM) to be the optimal load for peak power in the BBJS, despite this load not being statistically different to a 20% of 1RM load. The disparity between the statistical findings and the practical applications reported for these studies could mislead the reader. The recommendations of this study, however, are linked to the findings in suggesting an optimal load range of 10-20% of 1RM in the generation of peak power in the HBJS.
A novelty of this study is the consideration of power outputs across a range of loads for each individual participant. To further highlight the potentially misleading nature of recommending a single optimum load, SEM was applied to the data to investigate if one load was meaningfully different from another. Only 2 of the 17 (12%) participants in this study expressed peak power values at a single load condition that was meaningfully different from all other loads. In terms of a generic recommendation, 14 of the 17 participants (82%) in this study produced their absolute highest power value at either 10 or 20% 1RM. However, the findings also highlight the need to consider whether the absolute load is meaningfully different to other loading conditions. It is likely that a range of loads will optimize the generation of peak power in the majority of participants (88%).
It has been suggested (3, 13, 14) that optimal load fluctuates depending on the strength level and training status of the individual athlete throughout a competitive season, thus reinforcing the value of regular assessments. While the identification of an individual's optimal load would be ideal with a large number of athletes in a team setting, this may not be feasible for the practitioner. The recommended load range of 10-20% of 1RM accounts for the majority (i.e., 82%) of the athletic population investigated in this study and provides a loading strategy with strong practical application in the team sport setting. However, to improve the accuracy of the assessment, the use of SEM in interpreting the meaningful differences between loading conditions is recommended. In doing so, it is likely that the majority of participants will have a number of loading conditions at which peak power is optimized.
A potential limitation of this study may be the fact that HBJS loads were derived from % 1RM values of the box squat. This is similar to the protocol of Swinton et al. (22) who also derived %1RM values in the HBJS from the back squat exercise. However, the box squat is a common lower body exercise with which this group of athletes was familiar, and it was therefore deemed the most reliable and the safest measure to differentiate between the different strength levels of each participant. If loading intensities in the HBJS were derived from 1RM values in the hexagonal barbell deadlift, this will likely change the %1RM values at which peak power occurs. However, it is believed that the absolute loading range at which peak power is optimized in the HBJS will be consistent regardless from which exercise the percentiles are derived.
The results of this study indicate that peak power output in the HBJS is optimized at a load range between 10 and 20% of box squat 1RM. This is in contrast to a recent trend in the research reporting peak power in the BBJS to be optimized at 0% of 1RM (1,4,6-8,10) . Instead, when loads are applied with a hexagonal barbell, a range of loads above 0% of 1RM yield the highest peak power outputs. This validates the use of the increasingly popular hexagonal barbell as a method for improving the kinetics and kinematics of the JS exercise. However, this is an acute study and the possibility that a training intervention using the HBJS might improve athletic performance needs to be verified with a longitudinal training study. The highly variable nature of the individual results also indicates the importance of determining the optimal load range for peak power in the HBJS for each athlete. In working environments, where the determination of an individual's optimal load is not expedient, the authors strongly recommend the application of a training load in the HBJS that covers the 10-20% of 1RM range when attempting to maximize power output. It is important to note that the findings of this study may be specific to the population cohort used (i.e., professional rugby union players), and hence additional research is required to verify the same findings in other athletic populations.
PRACTICAL APPLICATIONS
The results of this study highlight that peak power output in the HBJS occurs under loaded conditions. This contrasts with recent findings in the BBJS where power output was reported to be reduced with the addition of external loads. It is widely accepted that a balanced program requires training at a variety of loads along the force-velocity curve. When attempting to target acute peak power output with light loads, the authors of this study recommend the use of the HBJS with the load range between 10 and 20% of 1RM box squat. Furthermore, it is strongly recommended that individual optimal load ranges are identified where possible. However, in a team sport setting where determination of individual optimal load range may be deemed impractical, the recommendation of a load range between 10 and 20% of 1RM should be sufficient for the majority of athletes.
